Wilson DF, Harrison DK, Vinogradov A. Mitochondrial cytochrome c oxidase and control of energy metabolism: measurements in suspensions of isolated mitochondria. J Appl Physiol 117: 1424-1430 , 2014 . First published October 16, 2014 doi:10.1152/japplphysiol.00736.2014.-Cytochrome c oxidase is the enzyme responsible for oxygen consumption by mitochondrial oxidative phosphorylation and coupling site 3 of oxidative phosphorylation. In this role it determines the cellular rate of ATP synthesis by oxidative phosphorylation and is the key to understanding how energy metabolism is regulated. Four electrons are required for the reduction of oxygen to water, and these are provided by the one-electron donor, cytochrome c. The rate of oxygen consumption (ATP synthesis) is dependent on the fraction of cytochrome c reduced (f red), oxygen pressure (pO2), energy state ([ATP]/[ADP][Pi]), and pH. In coupled mitochondria (high energy state) and pO 2 Ͼ60 torr, the rate increases in an exponential-like fashion with increasing f red. When the dependence on f red is fitted to the equation rate ϭ a(fred) b , a decreased from 100 to near 20, and b increased from 1.3 to 4 as the pH of the medium increased from 6.5 to 8.3. During oxygen depletion from the medium f red progressively increases and the rate of respiration decreases. The respiratory rate falls to ½ (P 50) by about 1.5 torr, at which point f red is substantially increased. The metabolically relevant dependence on pO2 is obtained by correcting for the increase in fred, in which case the P50 is 12 torr. Adding an uncoupler of oxidative phosphorylation eliminates the dependence of the cytochrome c oxidase activity on pH and energy state. The respiratory rate becomes proportional to fred and the P50 decreases to less than 1 torr. oxidative phosphorylation; cytochrome oxidase; energy metabolism; oxygen; respiratory control; hypoxia IT IS WELL RECOGNIZED THAT cells require a continuous supply of ATP to survive, and that the rate of ATP synthesis must be very precisely matched to that of ATP consumption. Most ATP synthesized in higher organisms is provided by mitochondrial oxidative phosphorylation, a metabolic pathway in which the very energetically favorable reduction of oxygen to water is coupled to the energy-requiring synthesis of ATP from ADP and inorganic phosphate (Pi). cytochrome c oxidase (11, 12) is the enzyme responsible for all of the oxygen consumed to make ATP by oxidative phosphorylation and is, therefore, the key to understanding how energy metabolism is regulated (31, 33). The enzyme is not only responsible for reduction of oxygen to water and for coupling site 3 of oxidative phosphorylation, but also for matching the rate of ATP synthesis to cellular demand for ATP (respiratory control). Four electrons are required for the reduction of oxygen to water, and these are provided by the one-electron donor, cytochrome c. There have been a number of studies of the kinetics of oxidation of cytochrome c by cytochrome oxidase [see for example, (7, 8, 22, 24) ]. Most of these studies, however, were performed on the systems in which energy coupling was not functional (detergent solubilized purified cytochrome oxidase, uncoupled membranous preparations). To understand and quantify the physiologically important parameters relevant to cellular respiration, it is necessary to conduct measurements in wellcoupled mitochondria and intact cells.
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The activity of cytochrome c oxidase is dependent on four metabolic variables: the level of reduction of cytochrome c, oxygen pressure, pH of the medium, and the metabolic energy (3, 5, 6, 16, 20, 21, 23, 25, 32-34, 36, 39, 40) . Currently, there is little agreement on the importance of any of these variables in the regulation of oxidative phosphorylation. Oxygen is required to maintain metabolic homeostasis {i.e., to maintain the cellular energy state ([ATP]/ [ADP][Pi])}, but there is no agreement on what the oxygen pressure needs to be for this to occur. Anoxia, the complete absence of oxygen, leads to rapid and massive metabolic and tissue pathology, as exemplified by the brain, in which function is lost within a few seconds. Oxygen concentrations between normoxia and anoxia, which are typically lumped together as hypoxia, are associated with alterations in metabolism that are dependent on the oxygen concentration and time of exposure. If the oxygen deficit is sufficiently mild, activation of AMP kinase and other adaptive processes attempt to compensate for the oxygen deficit. These adaptive measures can enhance cell survival but at the cost of impaired cellular function and tissue pathology. Onset of pathology begins earlier and is more severe as the oxygen concentration is decreased. Oxygen plays a critical role in nearly every type of human pathology and, of course, in death whatever the cause. Quantitative knowledge of the relationship between oxygen pressure and metabolism is clearly of great importance and essential to understanding how metabolism works, including the pathology induced by specific malfunctions and how they should be treated.
In the present paper, we report measurements of the rate of oxygen consumption by cytochrome c oxidase, site 3 of oxidative phosphorylation, in suspensions of isolated mitochondria. The dependence on the four physiological variables-the level of reduction of cytochrome c, oxygen pressure, pH, and energy state-are presented. The data and their interpretation provide an important step in the process of developing a comprehensive understanding of how cellular energy metabolism is regulated; in particular, the nature of metabolic homeostasis and how it is set and maintained.
MATERIALS AND METHODS
Mitochondrial isolation. Mitochondria were isolated from the liver of 250-g male Sprague-Dawley rats as described previously (35) . Briefly, rats were anesthetized (2% isoflurane) and, after full anesthesia was achieved, the isoflurane was increased to 4%, a lethal level, and the abdomen was opened. The liver was quickly removed, placed in 30 ml of cold isolation medium (0.22 M mannitol, 0.075 M sucrose, 0.5 mM EDTA, and 5 mM MOPS buffer, pH 7.3), and minced with sharp scissors. The chilled tissue was then gently homogenized (40 ml medium/liver) with a motor-driven Teflon pestle in a glass vessel. Low-speed centrifugation (830 rpm, 9 min, Sorvall SS34 rotor) was used to remove the cell debris, and then the mitochondria were collected at a higher speed (7,800 rpm, 9 min). The mitochondria were washed twice by suspending the pellet in 70 ml, and then in 35 ml of fresh isolation medium, followed by centrifugation. Care was taken to leave behind all red regions (red blood cells) in the bottom of the mitochondrial pellets so that the final material had no visual evidence of red cell contamination. The mitochondria were maintained on ice in a concentrated stock suspension (2.5 ml) in isolation medium.
The experimental procedures were reviewed and approved by the University of Pennsylvania Animal Care and Use Committee before the study was carried out, and the investigators were trained in appropriate handling of rats.
Measuring oxygen consumption and cytochrome c reduction. The mitochondria were suspended in isotonic medium (0.22 M mannitol and 0.075 M sucrose) diluted by 10% and buffered with MOPS (pKa 7.2) or glycine (Tricine, pKa 8.1), and Tris·HCl (pKa 8.4) at the indicated final pH values. Because pH is an important parameter in the presented experiments, high buffer concentrations (40 mM) were used. Bovine serum albumin (Type 5, Sigma Aldrich) was added to a final concentration of 1% by weight. The oxygen concentration was measured using oxygen-dependent quenching of phosphorescence (4, 17, 19, (27) (28) (29) 40) and cytochrome c reduction by the change in absorption at 550 nm minus 540 nm as previously described (35) . The instrument was custom built and was set to take measurements 20 times each second. The measurements of oxygen pressure and cytochrome c reduction were correlated in time to an accuracy of Ͻ25 msec. The phosphorometer and dual wavelength spectrophotometer operations were programmed in C/C (Nokia). The data were analyzed using Origin 7 software (OriginLab, Northampton, MA).
The measurement chamber was made of glass. After filling with mitochondrial suspension containing Oxyphor G2 (2 M; Oxygen Enterprises, Philadelphia, PA) (4) and 1% BSA, it was sealed with a ground glass stopper with an access port (1 mm in diameter, 1 cm long), filled with the medium. The unstirred medium in the access port precluded oxygen from the air from entering the reaction medium. The chamber had a 1-cm light path, held a total volume of 2.93 ml, and was equipped with a 4 mm ϫ 1.5 mm magnetic stirring bar. The chamber was placed inside a custom constructed holder, equipped with a magnetic stirrer, and containing five fiber optic ports, each connected to a 3-mm optical fiber. The fraction of the cytochrome c that was reduced (fred) was calculated assuming cytochrome c became fully oxidized when the mitochondrial suspension was treated with rotenone to block endogenous substrate and uncoupled with FCCP (p-trifluoromethyl phenylhydrazone of carbonyl cyanide), and that it became completely reduced when oxygen in the sample was fully depleted.
Measuring cytochrome c oxidase activity. Cytochrome c oxidase of the respiratory chain is responsible for oxygen consumption, reducing oxygen to water. The rest of the respiratory chain provides the necessary reducing equivalents through the reduction of cytochrome c and is coupled to the same energy pool, but does not otherwise affect the electron transfer in the oxidase (phosphorylation site 3). Cytochrome c oxidase activity can be functionally isolated from the first two sites of oxidative phosphorylation by using an artificial electron donor that directly reduces cytochrome c. TMPD (N,N,N=N=-tetramethyl-p-phenylenediamine; Sigma Aldrich) has been shown to directly reduce cytochrome c while being rapidly re-reduced in the presence of millimolar levels of ascorbate. Under the measurement conditions, the oxidized form of TMPD is maintained at levels too low to affect our measurements. When mitochondria are supplemented with ascorbate and TMPD, the result is oxidation of ascorbate by molecular oxygen, with the reducing equivalents passing quantitatively from TMPD to cytochrome c. This reaction is sensitive to site 3 inhibitors (cyanide, CO, etc.), but insensitive to inhibitors of sites 1 (such as rotenone) and 2 (such as antimycin A). The transfer of electrons from TMPD to oxygen is coupled to ATP synthesis, and ADP/O ratios are near 1.0 (11, 14) . Including antimycin A or rotenone in the assay medium had no effect on the measurements with TMPD reported in this paper. In the present studies, rotenone was routinely added to suppress endogenous substrate oxidation. Measurements have also been made using succinate (ϩ rotenone) as substrate to be sure that the relationship between respiratory rate and cytochrome c reduction are not significantly different whether cytochrome c is being reduced by TMPD or an intermediate of the citric acid cycle.
RESULTS

Dependence of the rate of oxygen reduction at oxygen pressures greater than 60 torr on the level of cytochrome c reduction.
In the mitochondrial respiratory chain, the reducing equivalents used by cytochrome c oxidase to reduce oxygen are provided through cytochrome c. Thus the dependence of the reaction rate on the level of reduction of cytochrome c (substrate concentration) is an important parameter for characterizing the reaction. In vivo and in isolated mitochondria, cytochrome c is not free in solution, but is integrated into the respiratory chain where it can be in either the reduced or oxidized form. When two reactants are integral parts of a particulate enzyme complex, dilution of the enzyme suspension does not change the rate of reaction between the two, unlike the case for soluble reactants. In mitochondria, the components of the respiratory chain are bound together at a specific stoichiometry. Although diluting a mitochondrial suspension decreases the macroscopically averaged concentrations of all of the components, the rates at which they react (intrarespiratory chain reaction rate) remain unaffected. In the present paper, the rates of respiration are expressed in torr/ second for individual experiments and the cytochrome activity as turnover numbers (TN; in electrons/second, not dependent on mitochondrial concentration) for cytochrome c when comparing data among experiments.
TMPD was used to directly reduce cytochrome c, with a stepwise increase in TMPD concentration resulting in a stepwise increase in cytochrome c reduction and in the rate of oxygen consumption. Figure 1 , A and B shows the effect of sequential additions of TMPD to a mitochondrial suspension on the degree of cytochrome c reduction (f red ) and respiratory rate at pH 6.5 and 8.35, respectively. The rate of oxygen consumption is given in torr/seconds above each level of f red . At pH 6.5 the rate of oxygen consumption at each f red was much higher than at pH 8.35. Measurements were made over the widest possible range of f red values, but at values higher than 0.8 (80% reduction), measurements were less accurate due the very high respiration rates and concerns about the high TMPD concentrations required.
The rate of oxygen consumption as a function of f red in suspensions of mitochondria at pH 7.35 is shown in Fig. 2 The dependence of respiratory rate on f red at high (Ͼ60 torr) oxygen concentrations on the pH of the medium. The respiratory rate and f red were measured in media with pH values ranging from 6.5 to 8.35. Figure 3 
b , where y is the respiratory rate expressed as the cytochrome c TN, and a and b are empirical parameters. No mechanistic basis for the equation is implied. It is used only because it appears to fit all of the observed data using only two parameters. For each mitochondrial preparation and pH, at least three independent measurements were made of respiratory rate as f red was increased by adding increasing concentrations of TMPD. Oxygen pressures greater than 60 torr were maintained throughout the measurements to avoid interference due to limiting oxygen concentra- Fig. 1 . Effect of sequential additions of N,N,N=N=-tetramethyl-p-phenylenediamine (TMPD) on cytochrome c reduction and respiratory rate in suspensions of coupled mitochondria at pH 6.5 (A) and 8.3 (B). Rat liver mitochondria were suspended in assay medium at a cytochrome c concentration of ϳ2 M as described in MATERIALS AND METHODS. The medium contained 6 mM ascorbate, and increasing levels of TMPD were added to generate a stepwise increase in cytochrome c reduction as measured at 550 nm minus 540 nm. The measured respiratory rates are given above each step of cytochrome c reduction in torr/seconds. 
Effect of varying oxygen pressure on level of cytochrome c reduction (f red ) and rate of oxygen consumption.
Once the empirical relationship between f red and the respiratory rate at high oxygen pressures was established, measurements were made as the mitochondria depleted the oxygen in the medium. For these measurements, concentrations of TMPD were used that gave a level of f red (and TN for cytochrome c) similar to those observed for mitochondria in intact cells (f red ϭ 0.1 to 0.35, TN ϭ 2 to 6 sec Ϫ1 ). A typical experimental data set collected at pH 7.2 is shown in Fig. 5 . Levels of f red and rates of oxygen consumption are shown for two cycles of oxygen depletion to demonstrate reproducibility. Twenty measurements of oxygen and f red were made each second, so the plotted data points overlap and appear as continuous lines. Only the measurements at oxygen pressures less than 70 torr are shown. Depletion of oxygen proceeded at a nearly constant rate until the pressure fell below ϳ15 torr with a P 50 of 1 to 2 torr.
Cytochrome c started to become more reduced as the oxygen concentration decreased below ϳ40 torr, and f red increased progressively with decreasing oxygen pressures. Higher f red would be expected to result in an increased rate of oxygen consumption if the oxygen pressures were not decreasing (Figs. 2 and 3) . The amount of increase can be calculated using the equation, which although not based on a mechanism, appears to fit the measured relationship between f red and respiratory rate at pO 2 Ͼ60 torr reasonably well. This equation and empirical parameters a and b (Fig. 4) were used to calculate the decrease in respiratory rate that would have occurred had there been no increase in f red . Figure 6 shows the dependence of the respiratory rate on oxygen pressure after correction for the increase in f red . If f red had not changed, the P 50 for respiration would have been ϳ12 torr (20 M). For 13 independent measurements, the lowest and highest oxygen pressures for 50% decrease in respiratory rate were 8 and 18 torr, with a mean Ϯ SD of 12 Ϯ 3 torr.
In the present paper, the pH dependence of the respiratory rate on f red was measured (Fig. 3, and Fig. 4, A and B) , whereas in our previous report (35) it was not. In our earlier paper, the pH dependence was attributed to a change in P 50 . When this pH dependence of f red is taken into account, however, P 50 is not pH dependent.
DISCUSSION
Four critical parameters determine the rate of respiration by cytochrome c oxidase under physiological conditions: oxygen pressure, fraction of cytochrome c reduced (f red ), energy state, and pH. Ideally, systems with three independent variables are analyzed by holding all but one of the independent variables Each data point is the fit to data from an independent experiment in which at least three titrations were made at the indicated pH (abscissa).
constant and then measuring the dependence on that one. For cytochrome c oxidase, the effect of alterations in oxygen pressure can be minimized by making the measurements at such high pO 2 that they have little effect (oxygen saturation), and the pH by buffering the medium, but the energy state is more problematic. In the experiments presented here, every effort was made to minimize any changes in energy state during the experiment, but it is unlikely that this was completely successful. It is assumed that oxygen pressures of 60 torr and higher are sufficient to minimize the dependence on oxygen pressure, and measurements of the interdependence of the respiratory rate and f red were therefore measured at oxygen pressures greater than 60 torr. The measurements were unaffected by addition of ATP, consistent with the respirationdriven energy state being high and stable. The respiratory rate increased as f red increased. When the data are fitted by the equation, the value of the exponent, b, is greater than 1 when the mitochondria are coupled (Figs. 3 and 4) . Measurements made at lower energy states, by adding ADP and Pi in addition to ATP, shifted the dependence such that fit to the empirical equation gives higher values of a and lower values of b. Interestingly, the shift due to decreasing the energy state is very similar to that induced by making the medium more acidic (compare Figs. 2 and 3) .
The dependence on pH was measured both because intracellular pH can change significantly and because the effects of changing pH are relatively large. The dependence of respiratory rate on f red is strongly dependent on pH as exemplified by the effect of pH on the fitting parameters for the empirical equation. There is a striking increase in the value of b with an increase in pH (alkalinization), with the value increasing from 1.4 to greater than 4 as the pH increased from 6.5 to 8.35. Of particular interest is that the effect of increasing pH is similar to that for increasing energy state. This suggests that pH dependence and energy dependence arise from a common aspect of the mechanism of oxygen reduction. Their having a common basis is supported by the observation that after addition of uncoupler, both the energy dependence and the pH dependence are lost.
To better observe the metabolic dependence on oxygen pressure, the effects of oxygen pressure on respiratory rate and f red were combined. The dependence of the respiratory rate on f red at oxygen pressures above ϳ60 torr was assumed to also hold for oxygen pressures less than 60 torr. The empirical equation was used to calculate what the respiratory rate would have been at each oxygen pressure if f red had not increased as pO 2 decreased. When corrected for the increase in f red , the P 50 is 12 torr. The energy state was assumed to be constant and independent of pO 2 , although some decrease in energy state with decreasing pO 2 would be expected. As such, it is likely that 12 torr underestimates the metabolic dependence on oxygen pressure.
In many reports on the oxygen dependence of oxidative phosphorylation it is assumed that the respiratory rate is a measure of the metabolic dependence on oxygen pressure. This is not a valid assumption. As can be seen in Fig. 2 , when f red is 0.25 and mitochondria are coupled, the cytochrome c TN is about 2 sec Ϫ1 . Decreasing the energy state while keeping f red at 0.25 can increase the TN to 50 sec Ϫ1 , an increase of 25-fold. Conversely, if the energy state is held constant and f red is increased to 0.7, the cytochrome c TN increases to near 20 sec Ϫ1 , an increase of about 10-fold. Clearly, even a small decrease in energy state or an increase in f red can compensate for a substantial decrease in pO 2 . The function of oxidative phosphorylation is to synthesize ATP at the rate that it is being consumed. Because the reactions that consume ATP (ion transport, mechanical work, molecular synthesis, etc.) are generally not very dependent on oxygen pressure, if at all, the respiratory rate is determined by the energy state and f red , and (Figs. 2-4) , was used to calculate how much the increased reduction of cytochrome c would have increased the respiratory rate at pO2 Ͼ60 torr. This increase was subtracted from the measured respiratory rate to obtain the hypothetical curve for a constant fred. . In cells without creatine phosphokinase, if the energy state decreases by a factor of 4 from the homeostatic set point, the decrease in ATP (about 4 mM) is only 3% and the increase in inorganic phosphate (about 3 mM) is 4%, whereas ADP with a normal concentration near 40 M increases to 0.16 mM, or by about fourfold. Through the activity of adenylate kinase (2 ADP ϭ AMP ϩ ATP) the concentration of AMP increases nearly 16-fold. Although the decrease in the energy state is very small compared with its entire dynamic range of 10 10 , the increases in concentration of ADP and AMP are substantial, and if sustained, can introduce functional disturbances in tissues. The severity of the functional disturbance increases with a decrease in the value of the energy state and time over which it is decreased. If changing the oxygen pressure from normoxia to anoxia can change the energy state by 10 10 , and only a fourfold change in energy state can cause substantial tissue malfunction, metabolically important changes in energy state do not require a very large change in oxygen pressure.
The normal levels of oxygen in tissues have been reported to have bell-shaped distributions (1, 9, 10, 13, 36) . The mean values are tissue-specific, but for many important tissues (brain, kidney, skeletal muscle), mean values of 35-45 torr have been reported (1, 2, 9, 10, 13, 18, 26, 30, 36) . Regulation of oxygen delivery/oxygen consumption suitable for generating and maintaining the tissue oxygenation requires an oxygen sensor able to accurately sense the mean tissue pO 2 , 35-45 torr. The changes in energy state and f red that compensate for the decrease in pO 2 , effectively decreasing the respiratory P 50 from 12 torr to less than 1 torr, make mitochondrial oxidative phosphorylation a sensitive monitor of local oxygen pressure. As such, mitochondrial oxidative phosphorylation provides an oxygen sensory activity well suited to the control system(s) that balance delivery/consumption to maintain tissue oxygen levels [see (13, 15, 37) ]. Particularly notable are the changes in AMP, a well known regulatory molecule, which are consistent with it having an important role in determining the effect of local oxygen pressure on cellular metabolism.
It is important that cells in tissues not be continuously stressed due to the local oxygen pressure being sufficiently low that cells are functionally compromised. For oxidative phosphorylation to function as an oxygen sensor and still maintain the energy state within the homeostatic range, cells should not be subjected to local oxygen pressures less than ϳ12 torr for extended periods of time. The reported distributions of oxygen in tissues show a very small fraction (if any) of the tissue volume has oxygen pressures Ͻ10 torr (1, 10, 36) . This indicates that at any given time few cells are subject to local oxygen pressures low enough to cause metabolic stress. In addition, physiological regulation of oxygen delivery continuously modulates flow of blood through individual arterioles and their associated capillary networks, and this would be expected to limit the time that individual tissue regions are subjected to oxygen pressures substantially below the mean.
Understanding the mechanistic bases for the observed behavior of oxidative phosphorylation and its dependence on oxygen concentration and pH requires detailed knowledge of the mechanism by which cytochrome c oxidase reduces oxygen to water, the nature of the intermediates involved, and their kinetic behavior in vivo. The very distinctive dependence of the respiratory rate on the degree of cytochrome c reduction (f red ) in coupled and uncoupled mitochondria will be very helpful in critically testing any mechanisms proposed for regulation of energy metabolism.
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